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Quasi-fission is the primary reaction mechanism that prevents the formation of superheavy ele-
ments in heavy-ion fusion experiments. Employing the time-dependent density functional theory
approach we study quasi-fission in the systems 40,48Ca+238U. Results show that for 48Ca projectiles
the quasi-fission is substantially reduced in comparison to the 40Ca case. This partly explains the
success of superheavy element formation with 48Ca beams. For the first time, we also calculate the
repartition of excitation energies of the two fragments in a dynamic microscopic theory. The system
is found in quasi-thermal equilibrium only for reactions with 40Ca. The differences between both
systems are interpreted in terms of initial neutron to proton asymmetry of the colliding partners.
PACS numbers: 21.60.-n,21.60.Jz
The search for new elements is one of the most novel
and challenging research areas of nuclear physics. The
discovery of a region of the nuclear chart that can sus-
tain the so called superheavy elements (SHE) has lead to
intense experimental activity resulting in the discovery
of elements with atomic numbers as large as Z = 117 [1–
3]. The theoretically predicted island of stability in the
SHE region of the nuclear chart is the result of new pro-
ton and neutron shell-closures, whose location is not pre-
cisely known [4–6]. The experiments to discover these
new elements are notoriously difficult, with production
cross-sections in pico-barns. Of primary importance for
the experimental investigations appear to be the choice
of target-projectile combinations that have the highest
probability for forming a compound nucleus that results
in the production of the desired element. Experimentally,
two approaches have been used for the synthesis of these
elements, one utilizing doubly-magic 208Pb targets or
209Bi (cold-fusion) [7, 8], the other utilizing deformed ac-
tinide targets with neutron-rich projectiles (hot-fusion),
such as 48Ca [1–3]. While both methods have been
successful in synthesizing new elements the evaporation
residue cross-sections for hot-fusion were found to be sev-
eral orders of magnitude larger than those for cold fusion.
To pinpoint the root of this difference it is important to
understand the details of the reaction dynamics of these
systems. For light and medium mass systems the capture
cross-section may be considered to be the same as that
for complete fusion. For heavy systems leading to super-
heavy formations however, the formation of a compound
nucleus is dramatically reduced due to the quasi-fission
(QF) process [9, 10]. Consequently, quasi-fission is the
primary reaction mechanism that limits the formation
of superheavy nuclei. Quasi-fission is characterized by
nuclear contact-times that are usually greater than 5 zs
but much shorter than typical fusion-fission times which
require the formation of a compound nucleus [11–14].
Many experimental studies have been performed to
understand the mechanisms at play in the quasi-fission
process since its discovery [11–19]. Various theoretical
models [20–22] have also been developed to help in the
interpretation of these experimental data. These mod-
els are often based on statistical or transport theories.
In this letter, we consider another formalism based on a
many-body quantum approach. We study quasi-fission
with the fully microscopic time-dependent Hartree-Fock
(TDHF) theory proposed by Dirac [23]. The TDHF the-
ory provides a useful foundation for a fully microscopic
many-body theory of large amplitude collective motion.
This approach has been widely applied to study heavy-
ion collisions in nuclear physics [24, 25]. The TDHF
time-evolution can correctly account for the heavy-ion
interaction barriers [26–29] and thus reproduce the cap-
ture cross-sections in heavy systems such as 48Ca+238U
[29]. It is also able to describe transfer and deep-inelastic
reactions [30–37] as well as the dynamics of fission frag-
ments [38]. It is therefore a tool of choice to investigate
quasi-fission mechanisms. However, the feasibility of us-
ing TDHF for quasi-fission has only been recognized re-
cently [39]. These applications have been made possible
thanks to considerable improvements of computational
power in the past decade. Modern TDHF calculations
are performed on a three-dimensional (3D) Cartesian grid
with no symmetry restrictions and with much more ac-
curate numerical methods [40–46].
In the present TDHF calculations we use the Skyrme
SLy4d energy density functional (EDF) [47] including all
of the relevant time-odd terms in the mean-field Hamil-
tonian. First we generate very accurate static HF wave
functions for the two nuclei on the 3D grid. The ini-
tial separation of the two nuclei is 30 fm. In the sec-
ond step, we apply a boost operator to the single-particle
wave functions. The time-propagation is carried out us-
ing a Taylor series expansion (up to orders 10 − 12)
of the unitary mean-field propagator, with a time step
∆t = 0.4 fm/c. Let us first focus on collisions of
40Ca+238U. An example of TDHF calculation for this
reaction at Ec.m. = 209 MeV and an average orbital an-
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2gular momentum quantum number L = 20 is shown in
Fig. 1 where contour plots of the mass density are plot-
ted at various times. In this case, the 3D lattice spans
(66× 56× 30) fm. As the nuclei approach each other, a
neck forms between the two fragments which grows in size
as the system begins to rotate. Due to the Coulomb re-
pulsion and centrifugal forces, the dinuclear system elon-
gates and forms a very long neck which eventually rup-
tures leading to two separated fragments. The 238U nu-
cleus exhibits a strong quadrupole deformation. In the
FIG. 1. (Color online) Quasi-fission in the reaction
40Ca+238U at Ec.m. = 209 MeV with impact parameter
b = 1.103 fm (L = 20). Shown is a contour plot of the time
evolution of the mass density.
present study, its symmetry axis was oriented initially at
90◦ to the internuclear axis. For small impact parame-
ters, this leads essentially to collisions with the side of
238U. This orientation is also the one which leads to the
largest ”contact time” in central collisions [25, 39]. We
define the contact time as the time interval between the
time t1 when the two nuclear surfaces (defined as isoden-
sities with half the saturation density ρ0/2 = 0.08 fm
−3)
first touch and the time t2 when the dinuclear system
splits up again. In the collision shown in Fig. 1, we find
a contact time ∆t = 9.35 zs and substantial mass transfer
(66 nucleons to the light fragment). This contact time
and mass transfer is characteristic for QF [12, 14]. Col-
lisions with the tip of 238U may also result in QF, how-
ever with smaller mass transfer. In addition, the latter
orientations are never found to lead to fusion in TDHF
calculations [25, 39], which is consistent with experimen-
tal observation that fusion essentially occurs in collisions
with the side of the deformed actinide target [15]. In this
letter, our goal is to investigate QF reactions in competi-
tion with the formation of a compound nucleus by fusion.
Therefore, we investigate only collisions with the side of
238U.
Figure 2a displays the contact time as a function of the
ratio of the center-of-mass energy Ec.m. with the frozen
Hartree-Fock barrier for central collisions. This barrier is
calculated for collisions with the side of 238U [27]. Two
fragments are always observed in the exit channel up to
c.m. energies ∼ 10% above the barrier. Globally, the
contact time increases with energy and reaches a max-
imum of 32 zs at c.m. energy ∼ 10% above the bar-
rier. TDHF calculations carried out at higher energy
(Ec.m. ≥ 223 MeV) show one fragment at the end of
the calculation. In this case, contact times exceed 35 zs,
which is interpreted as possible fusion reactions leading
to the formation of a compound nucleus. The effect of a
finite impact parameter b is to reduce this contact time
as shown in Fig.3a. The above observations are consis-
tent with the fact that contact time increases as matter
overlap between the fragments at the distance of closest
approach increases. However, we also observe a plateau
at ∼ 20 zs above 1.05VB in Fig. 2a which cannot be ex-
plained with such simple considerations.
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FIG. 2. (Color online) Several observables as a function of
Ec.m./VB for
40,48Ca+238U central collisions with the side of
238U. The frozen HF barrier for these configurations are VB =
199.13 MeV with 40Ca and VB = 196.14 MeV with
48Ca. (a)
contact time, (b) mass and charge of the light fragment, and
(c) excitation energy of the light and heavy fragments.
These contact times are long enough to enable the
transfer of a large number of nucleons as shown in Fig. 2b
where the masses AL and charges ZL of the light fragment
are plotted. A plateau is again observed for energies of
∼ 5 − 10% above VB . This corresponds to a light frag-
3ment with ZL ' 40 − 42 and AL ' 100 − 107. Varying
the impact parameter up to ∼ 2 fm does not alter these
observations as shown in Fig. 3b. The root of this be-
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FIG. 3. (Color online) (a) contact time and (b) mass and
charge of the light fragment as a function of impact parame-
ter.
havior may be due to the fact that Zr isotopes (Z = 40)
in the mass range 100 − 112 are strongly bound with a
large prolate deformation around β2 = 0.42 [48–50]. Due
to shell effects, these configurations may be energetically
favorable during the QF dynamics [16, 17, 19]. A similar
effect is observed in TDHF calculations of collisions with
the tip of 238U which favors the formation of fragments
in the vicinity of the doubly magic 208Pb nucleus [39].
The quasi-fission contact times are also long enough
to enable a strong damping of the initial relative ki-
netic energy due to dissipation mechanisms. Experi-
mentally, the measured total kinetic energy (TKE) of
the quasi-fission fragments in 40,48Ca+238U reactions is
in relatively good agreement with the Viola systemat-
ics [12, 18]. The TDHF approach contains one-body dis-
sipation mechanisms which are dominant at near-barrier
energy. It can then be used to predict the final TKE
of the fragments. The TKE of the fragments formed in
40Ca+238U have been computed for a range of central col-
lisions up to 10% above the barrier. Figure 4 shows that
the TDHF predictions of TKE are in excellent agreement
with the Viola systematics [51]. This indicates that col-
lisions leading to quasi-fission are indeed fully damped,
leading to excited fragments.
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FIG. 4. TKE of the fragments formed in 40Ca+238U central
collisions at Ec.m./VB = 1.0 − 1.1. The solid line represents
TKE values based on the Viola formula [51].
The excitation energy and, in particular, its reparti-
tion between the fragments also provide important infor-
mation on the dissipative nature of the reaction mecha-
nisms [52–55]. Recently, we have developed an extension
to TDHF theory via the use of a density constraint to
calculate fragment excitation energy of each fragment di-
rectly from the TDHF time evolution [56]. This gives us
a new information on the repartition of the excitation en-
ergy between the heavy and light fragments which is not
available in standard TDHF calculations. In Fig. 2c we
show the excitation energies of the light and heavy frag-
ments. For 40Ca+238U at 5 to 10% above the barrier,
we find excitation energies which are approximately con-
stant with E
∗(TDHF )
H ' 60 MeV for the heavy fragment
and E
∗(TDHF )
L ' 40 MeV for the light fragment. In the
assumption that the system is in statistical equilibrium,
we expect the same excitation energy per nucleon in both
fragments, i.e., E
∗(eq)
i ' E∗(eq)tot AiAtot . With a total exci-
tation energy E
∗(eq)
tot ' 100 MeV and fragment masses
AL ' 100 and AH ' 178 (see Fig. 2b), this assumption
would give E
∗(eq)
H ' 64 MeV and E∗(eq)L ' 36 MeV. As a
first approximation, the statistical equilibrium assump-
tion is then in reasonable agreement with the TDHF pre-
dictions. This indicates that the nucleon transfer mecha-
nism for 40Ca+238U central collisions in this energy range
is of dissipative nature, and not due to shape fluctuations
of the fragments.
We have performed similar TDHF calculations for the
more neutron-rich system 48Ca+238U, with the purpose
of investigating the role of neutron to proton ratio N/Z
asymmetry of the colliding partners. Indeed, unlike 40Ca
(N/Z = 1), the more neutron rich 48Ca nucleus has an
4N/Z = 1.4 which is close to the 238U one (N/Z ' 1.6).
As shown in Fig. 2a-c, the TDHF predictions with 48Ca
are dramatically different as compared to the 40Ca+238U
system: the quasi-fission region, as evidenced by long
contact time and large mass transfer, is confined to a
very narrow energy window with Ec.m./VB ' 1.03−1.04.
Above these energies, large contact times exceeding 35 zs
are found with 48Ca. The onset for fusion occurs then at
much lower energy with 48Ca than with 40Ca.
This difference between both reactions could be due
to the total neutron number and/or to the different ini-
tial N/Z asymmetries. Experimental investigations with
similar projectiles at near barrier energies have concluded
that the variation of quasi-fission must be related to the
properties in the entrance channel, rather than proper-
ties of the composite system [57]. It has also been argued
in the same work that the hindrance of quasi-fission with
48Ca is due to the fact that it is a doubly-magic nucleus
and that it essentially keeps its magicity when it collides
with a target of similar N/Z. Indeed, spherical shells are
expected to result in so-called ”cold valleys” in the po-
tential energy surface leading to the compact compound
nuclei [58–60]. Fusion through these valleys may also be
favored because energy dissipation should be weaker, al-
lowing greater interpenetration before the initial kinetic
energy is dissipated [61, 62]. This last point is supported
by the fact that both exit fragments have similar excita-
tion energies in the 48Ca+238U reaction (see Fig. 2c). In-
deed, the fact that E∗i is not proportional to Ai indicates
that the system is out of thermal equilibrium, and that
the transfer is not only dissipative, but could be affected
by shape fluctuations. On the contrary, 40Ca, which is
also a doubly magic nucleus but with a smaller N/Z, en-
counters a rapid N/Z equilibration in the early stage of
the collision, modifying its identity. As a result, 40Ca es-
sentially behaves as a non-magic nucleus, i.e., with more
quasi-fission.
In summary, we have done a comparative study of
QF for the 40,48Ca+238U systems using the microscopic
TDHF theory. Both systems exhibit fully damped events
with contact time (up to ∼ 30 zs) and large mass trans-
fer typical to QF. However, the 48Ca+238U system shows
considerably less QF in comparison to the 40Ca+238U
system. This elucidates the success of SHE synthesis
with 48Ca beams. The origin of the difference between
both reactions is attributed to a longer survival of the
magicity of 48Ca in the collision process which reduces
dissipation mechanisms. This scenario is supported by
the new microscopic calculations of the repartition of the
excitation energy between the fragments which indicate
that the compound system formed in 48Ca+238U is out
of thermal equilibrium. In contrast, collisions with 40Ca
encounter a rapid N/Z equilibration resulting in dissipa-
tive transfer.
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